Bipolar Plate design is one of the most active research fields in Polymer Electrolyte Membrane Fuel Cells (PEMFCs) development. Bipolar Plates are key components for ensuring an appropriate water management within the cell, preventing flooding and enhancing the cell operation at high current densities. This work presents a literature review covering bipolar plate designs based on nature or biological structures such as fractals, leaves or lungs. Biological inspiration comes from the fact that fluid distribution systems found in plants and animals such as leaves, blood vessels, or lungs perform their functions (mostly the same functions that are required for bipolar plates) with a remarkable efficiency, after millions of years of natural evolution. Such biomimetic designs have been explored to date with success, but it is generally acknowledged that biomimetic designs have not yet achieved their full potential. Many biomimetic designs have been derived using computer simulation tools, in particular Computational Fluid Dynamics (CFD) so that the use of CFD is included in the review. A detailed review including performance benchmarking, time line evolution, challenges and proposals, as well as manufacturing issues is discussed.
Introduction
Biomimetics is the discipline that analyse systems, elements and patterns of nature in order to derive technological designs of engineering interest. Biomimetics tries to make use of the millions of years of living organisms evolution via natural selection, observing their remarkably well-adapted structures and materials. Since one of the functions of Fuel Cell Bipolar Plates (BPPs) is to distribute reactants and evacuate waste products, exactly as some structures of many living organisms do, there has been an increasing trend aiming at recreating natureinspired Bipolar Plates with higher performance. Such efforts focused on Bipolar Plates started short after year 2000. The review article published by Arvay et al. [1] in 2013 provided the first good analysis and overview of the research work done on this field. Since year 2013 however, the research work on nature-inspired (biomimetic) flow fields have continued significantly, including recent articles using for the first time advanced visualization techniques such as Neutron Imaging for the investigation of water management in biomimetic designs. As a result of the growth experienced in this particular research topic during the last years, the present review is including a further updated discussion on the field with respect to the previous work published in 2013 by Arvay et al. [1] . In addition, apart from the analysis of the different design types, the review is including a time evolution analysis of the design trends together with a critical analysis of the quantitative performance achieved by each design, so that more rational decisions can be made for future research directions. The present review intends to provide a new analysis and insight into the latest advances and contributions to the state-of-the-art.
The review is organised as follows: first, a brief description and discussion on Bipolar Plates is provided. This will be covered shortly as the focus of the review is the biomimetic design. As most of the research work for deriving biomimetic designs is based on Computational Fluid Dynamics modelling, a section covering this is provided. In Section 4 the review on the natureinspired Bipolar Plates will be introduced and discussed, sorted based on design types such as lung or leaves. Fractal-based designs are also included in the review, as well as the most relevant works on porous foams as these can be considered as marine sponges. An effort to condense the major findings and results is presented in the form of tables featuring the most relevant information for researchers and designers. For this, a quantitative analysis of relevant performance parameters achieved by each design reported in the literature has been carried out in order to enable the assessment of the benefits of the novel biomimetic designs. The parameter used for this is the gain in performance with respect to a conventional design, where this information has been extracted from the polarization curves reported in the different works. The performance gain is calculated as the current density improvement for the biomimetic bipolar plate with respect to the conventional design, at 0.6 V (considered to be a nominal point) and at 0.4 V (more representative of operating conditions at high current densities where the influence of the Bipolar Plate design is much more pronounced). Finally, the current status on the discipline is analysed and major challenges and proposals for evaluating designs are presented.
Bipolar plates
Bipolar plates in a fuel cell are placed at both sides of the Membrane Electrode Assembly (MEA) and connect each single cell to each other in a stack.
Functions and requirements
The bipolar plates carry out several functions in a fuel cell stack, and therefore demand different mechanical, thermal, and chemical properties. These required functions are [2-4]:
1. BPPs electrically connect the cells in series and transport the generated current through the land towards the current collectors. 2. BPPs separate the gases in the adjacent anode and cathode sides of the cell. 3 . BPPs provide the structural and mechanical support for the stack, yet they must be lightweight in particular for transport applications. 4. BPPs distribute the reactants gases towards the Gas Diffusion Layer (GDL) and electrodes, and also evacuate the unreacted gases and the products in gas and liquid states. BPPs have a major influence on the water management of the cell and therefore on the final performance and durability [5] [6] [7] . 5. BPPS must also be thermally conductive in order to contribute to the heat rejection., and be chemically inert.
The U.S. Department of Energy (DOE) summarises the requirements for BPPs as indicated in Table 1 [8] . Table 1 . Bipolar plate design criteria [8] . It can be observed that some of the targets for 2020 were already achieved in state-of-the-art bipolar plates in 2015, such as plate weight (0.4 kg/kWnet), areal specific resistance or electrical conductivity (>100 S/cm). However, some of the parameters still require significant improvement. The cost is one of the most significant (and challenging) characteristic to be improved for 2020, from 7 $/kWnet in the 2015 status down to a requirement of 3 $/kWnet in 2020 (both in terms of costs projected to high volume production of 500,000 units of 80 kW systems per year).
Flow field layout design
The flow field design refers to the geometry of the channels featured by the Bipolar Plate. It must be considered that channels can be machined (typically in graphite plates) or conformed by different techniques (die stamping, forming, and others, typically in metal-based BPPs) [4, [9] [10] [11] . The most widespread and conventional channel configurations for PEMFCs are depicted in Figure 1 . Not only a failure in the flow distribution among the different channels may severely influence the cell performance, but also dramatic improvements in the cell current density generation and durability can be achieved by means of an improved flow field design.
Intensive research efforts are carried out in order to investigate the most performing flow field layouts [2, [12] [13] [14] [15] [16] [17] [18] , configurations (co-flow, counter-flow) [2, [19] [20] [21] [22] and orientations (vertical or horizontal channels, horizontal facing upwards or downwards) [15, [23] [24] [25] [26] [27] .
Channel cross-section geometries
Once a flow field main layout and configuration is achieved, further optimization work can be done when it comes to designing the final channel dimensions (width and depth), and also the cross-section geometry [12, [28] [29] [30] . The review published by Manso et al. [31] presents conclusions related to the influence of the different flow channel geometric parameters on the overall performance of a PEMFC. Guidelines regarding flow fields, flow direction, channel length and number of channels, use of baffles, cross section shape, channel and rib width, channel depth, and height to width ratio are provided. It must be considered that the use of full or partial channel blockages is also affecting the gas transport, water removal capability, and thus the overall cell performance, as stated in the work by Heidary et al. [32] .
Flow field Designs: Computational Fluid Dynamics modelling
Computational Fluid Dynamics (CFD) has been established as a fundamental tool for the research and design of PEM Fuel Cells. Modelling and simulation constitutes a major working field in PEMFCs research, with several modelling approaches being used and developed [40] [41] [42] [43] . Initially, only a single channel was typically resolved, but currently the main application of CFD for PEM Fuel Cells is the single cell modelling, with cell sizes ranging from micro-fuel cells [44, 45] up to massive parallel computations of large fuel cells [46] [47] [48] . However other CFD simulations are available in the literature, such as small stack simulations [49, 50] stack gas manifold simulations [51] , and others.
All CFD models reported in the literature include assumptions and hypotheses, where the most common are steady state operating conditions, ideal gas, laminar flow, isotropic and homogeneous GDL, CL and membrane, and no effect of gravity. Obviously some of them such as isotropic materials are highly questionable [52] . In recent years, other assumptions such as single-phase flow modelling (without liquid water) are less present in CFD modelling, as it is obvious that liquid water has a fundamental role in the performance of PEM Fuel Cells. Some of the conclusions that can be drawn from a literature review on PEMFC CFD modelling are the following:
-Multiphase flow is one of the more difficult physical phenomena to correctly model [40, 53] . The effects of water transport and distribution are also of major importance for the cell operation and performance, and therefore the lack of accurate models, valid for all regimes of flow and cell operation, is a concern in the modelling activities.
-Model validation is absolutely fundamental for the development and confident use of models. It is known that the validation using only the polarization IV curves is typically not sufficient as stated by Wang [40] , as the polarization curve is an integral output of the cell and the coupling of the different phenomena occurring within the cell can provide the same or similar polarization curves under certain circumstances, without being each of the phenomena correctly modelled. A validation procedure against local quantities is therefore necessary [40] . These quantities can be species distributions, current density distributions, or liquid water distributions measured by optical means in transparent cells, or advanced visualization techniques such as X-ray radiography or neutron imaging [54, 55] as reported by Weber and Hickner [56] , Wand and Chen [57] , Iranzo et al. [58] (reproduced in Figure 2 ) or Quan and Lai [59] .
-Additional issues such as an appropriate convergence methodology and the lack of reliable and robust input data must be also considered to ensure that accurate results are obtained, as stated by Arvay et al. [60] and Bednarek and Tsotridis [61] . 
Cell geometry and meshing
Fuel Cells are presenting particular challenges for mesh generation, mainly due to the very different length scales of the cell components (a few microns for membrane and catalyst thickness, up to bipolar plates with sizes of a few decimetres in industrial designs). This makes necessary to use hexahedral meshing, with a solver able to handle cells with high aspect ratios (double precision solvers are sometimes required). Bipolar plate geometries have become more sophisticated along the time-evolution of Fuel Cell design. This is also involving large efforts in accurately generating a mesh with high quality where most of the times, and in particular for industrial cells, very thin metallic plates with typically of 0.1 mm thickness are being used with integrated cooling channels.
Regarding the cell size, it is well known within the CFD community that Quality&Trust in CFD modelling and simulation must be ensured. Best Practice Guidelines has been established for CFD applications, although these are still in their infancy for the particular case of PEMFC. A fundamental step for this is to carry out a mesh independence analysis. This is required in order to ensure that the results provided by the model are not depending on the mesh being used (i.e. further mesh refinements do not increase the accuracy of the model). Although such activity is not yet regularly reported in the literature, it is becoming a standard to include a mesh independence study within the initial steps of the CFD analysis, which is obviously necessary in order to ensure the quality and accuracy of the results. As an example, among 60 references found in the literature for CFD PEMFC modelling between 2011 and 2018, only 24 claimed to have carried out a mesh independence analysis, where less than 10 [62-71] actually presented enough data regarding the analysis details (number of elements used for each mesh used, results obtained, etc.). It is worth to mention the recent work of Choopanya and Zhang [72] , where a detailed analysis of the influence of the mesh resolution in each direction (throughplane and in-plane) is assessed. They demonstrated that the correct resolution of the throughplane direction is critical for the accuracy of the CFD model results. When observing the data within the references identified with detailed mesh independence analysis [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] , it can be concluded that the amount of elements required per cm 2 of cell active area is approximately 100,000 elements. This must however be considered as a rough estimation and not an absolute guide for mesh generation, as the number of elements for achieving mesh independent results will be highly influenced by the particularities of the cell geometry.
There are some particularities regarding geometry/mesh generation which depend on the software being used. Some software considers the catalyst layer as an infinitely thin layer, and thus geometry and mesh is 2D. This is the case of Star-CD [29, 47, 73] . In other cases such as in ANSYS-FLUENT, the catalyst layer is considered as a 3D layer with a given thickness [68, 74, 75] , and therefore the 3D geometry must be resolved in the mesh.
Material properties (membrane, electrodes, GDL, bipolar plates)
Material properties must be defined for each cell component as well as for the gases involved.
The properties that must be defined are summarized in Table 2 . In addition to physical properties, also model parameters must be defined (for example for the Butler-Volmer equation for the electrochemical reactions). Typical model parameters found in the literature are presented in Table 3 . Some of the model parameters are difficult to determine either experimentally or from literature data, and thus are frequently used to fit the experimental data and calibrate the model results for validation purposes. It must be considered however that ideally no more than one model parameter should be used for model fitting [68] in order to ensure the model validation and usefulness for a wider usage (performance prediction at different operating conditions or with other materials). It is important to highlight that results based on CFD modelling should be always reporting the comprehensive list of material properties and model parameters used, for the sake of completeness and reproducibility of the results. Obviously, also the detailed operating conditions must be fully reported (gas and coolant inlet mass flow and temperature, relative humidity, stoichiometry, species mass fractions), external conditions for heat transfer simulations, and anode/cathode voltages and current density depending on galvanostatic or potentiostatic operation.
Flow Field Designs: Nature inspired (biomimetic) design of bipolar plates
In this section the available literature on biomimetic flow field designs is presented, sorted by design type. It must be considered that there is no standardized term in the literature for the discipline of nature-inspired design of bipolar plates, and terms such as bio-inspired, bionic, biomimetic, can be found in the different publications.
Fractal designs
After a detailed literature survey, it was identified that the first work dealing with fractal structures for bipolar plates was published by Tüber et al [76] in 2004. The authors designed fractal structures with a multiple ramified fluid network for flow-fields in PEMFCs and DMFCs aimed at portable applications. A computer algorithm was developed aimed at achieving a uniform fluid distribution with minimum pressure loss. Experimental prototypes were manufactured and tested, and compared with conventional serpentine and parallel flow-fields.
In their work, both PEMFCs and DMFCs fractal flow-fields showed similar performance to parallel designs, although indeed the most stable and highest power output was reached by the serpentine flow-field.
Chang et al [77] also published a work about fractal structures for DMFCs in 2008. They investigated which geometric parameters had more influence on the cell performance. It was demonstrated that the cathode BP had a greater influence on the performance than the anode BP. A similar work also for DMFCs was carried out by Kuan et al [78] in 2009. They presented a continuous type fractal geometry based on the Hilbert curve, where a sketch of the resulting geometry based on the third order Hilbert curve is shown in Figure 3 . The experimental testing of the different designs showed that higher performances were obtained with a larger free open ratio and total perimeter length of the open carved designs. Kjelstrup et al [79] in 2010 also investigated a fractal structure inspired by the human lung, with the aim to improve energy efficiency and to reduce the total amount of catalyst. They worked with a tree-like gas distributor engraved in the bipolar plates removing the need for a porous transport layers (GDL). As a result, it was expected that the amount of catalyst could be reduced by a factor of 4-8, while the energy efficiency could be increased by 10-20% at high current densities. Based on CFD simulations, Ramos-Alvarado et al [80] analysed in 2011 a plate-type constructal flow distributor. Three constructal flow configurations were studied, where each pattern was a fractal expansion of the original design. It was found that the number of branches was the key parameter in the performance, where the constructal flow distributor presented a low pressure drop as well as a good uniformity of flow distribution.
Cheng et al [81] applied an imitation of biological development of the topology distribution for the design of a fractal tree-like network channel. Different Reynolds numbers and stoichiometric factors were investigated by 3D CFD analysis. Numerical results showed that the fractal tree-like network channel presented a good performance regarding the uniformity of multi-branching flow distribution and pressure drop along channels. The last work identified with fractal structures was published in 2014 by Chang et al [82] , who presented the application of Hilbert fractal curves to direct methanol fuel cell (DMFC) current collectors. The current collectors were manufactured following first, second, and third order Hilbert fractal curves (Figure 4 ), where different free open ratios and opening perimeters were obtained. Experimental work was carried out for the prototypes, also including Electrochemical Impedance Spectroscopy (EIS) experiments. Experimental polarization curves and power curves showed that design with the third order fractal curve was achieving the highest performance. It is worth to mention that this is the only work where EIS Nyquist plots are reported. The results obtained showed that the impedance of the third order fractal design was the lowest.
Biologically inspired design
Regarding designs inspired in biological systems and structures, it is worth introducing the Murray's law, which is being used by many authors to determine the flow channel widths of different generations or branches. Murray's law describes the optimum configuration of diameters found in biological circulatory systems, stating that the cube of the radius of the parent branch should be equal to the sum of the cubes of the radii of the daughter branches. This is expressed as:
where rp is the radius of the parent channel and rd are the radii of the daughter channels. For the particular case of non-circular cross-section channels, the hydraulic diameter must be used in Eq. (1). Pulmonary and vascular systems of animals and also circulatory systems in some plants are very well represented by Murray's law [83] . As it will be introduced in the next sub-section, Murray's law was used mostly for deigns inspired in leaves, but also in others such as pitchforks.
Leaves
Leaves are probably one the best examples inspiring how nature can distribute reactants (nutrients) over a 2D surface, and therefore they have been used as inspiration for a wide variety of designs and works.
The first one identified corresponds to the work of Kloess et al [84] in 2009. They presented a flow field design inspired by a leaf (and a second design based on lungs). In total four designs were analysed, namely single serpentine, interdigitated, lung, and leaf flow patterns. Both numerical simulation and experimental testing were conducted, where a lower pressure drop was obtained in the leaf or lung design (26) (27) Pa) with respect to existing interdigitated or single serpentine flow patterns (38) (39) (40) (41) . Gas transport through the gas diffusion layer was also found be to more uniform for the new flow channel patterns. Experimental tests were carried out for a 25 cm 2 fuel cell under different operating conditions. The fuel cell with either leaf or lung design was found to perform better than the convectional flow channel designs under the same operating conditions, with up to 30% improvements in peak power density. In addition, the effect of cell temperature, relative humidity or cell backpressure was analysed, identifying optimum operating conditions for the leaf and lung design at 65-75 ºC, 2 atm backpressure, and 100% relative humidity.
Currie [85] presented in 2010 a thesis where biomimetics was applied to the redesign of fuel cell flow fields. A number of designs biologically inspired where evaluated by means of CFD modelling, with the objective of achieving a uniform current density distribution across the membrane. A design inspired by Murray's law of branching in plants and animals was further evaluated using a physical model and comparing it to a commercial triple serpentine flow field.
Although it was found to present lower pressure drop, the Murray's law inspired flow field was reported to be more prone to flooding.
Guo et al [86] presented a mathematical model for the simulation of flow fields inspired in leaf veins, aiming at achieving minimal pressure drop, lowest energy dissipation, and uniform gas distribution. The Bipolar Plates derived are schematically represented in Figure 5 . Finite element modelling (FEM) based simulations and experiments with the biomimetic bipolar plates manufactured by Selective Laser Sintering (SLS) were carried out to verify the performance of the flow field designs. Figure 5 . Design based on tree-like structure, by Guo et al. [86] A two dimensional numerical model was used by Arbabi et al [87] in 2012 to assess the performance of a newly proposed flow field with inspiration from plant leaves. Overall pressure drop and uniform pressure and velocity distributions throughout the flow channels were found to be much more homogeneous in the new channel design, therefore showing a good potential for designs with higher performances. [88] where the bionic similarity theory was used to design bionic flow fields for bipolar plates based on leaf venation. Numerical simulations were used to investigate the effect of the number and location of branches, finding out that water removal was improved by a higher number of branches.
Roshandel et al [89] also carried out a research in 2012 based on a numerical model for a new bipolar plate design inspired from the existed biological fluid flow patterns in leafs. Single phase model and constant cell temperature was assumed. The results of the numerical simulations showed that the new design presented a velocity and pressure profiles on catalyst surface were much more uniform, reactant concentration on catalyst surface more homogeneous, and a higher power density than parallel and serpentine flow channels (up to 56% and 26% respectively). In a thesis by Warren [90] transparent bipolar plates inspired in leaves were developed in order to investigate the cell performance with a particular focus on water management, also developing a simulation model. Two different designs were analysed, first with constant width channels and secondly with channels where width was varying according to Murray's law. The conventional designs used for benchmarking were a multi-serpentine design and an interdigitated design. The Murray's law design presented the best performance by a significant margin.
Chen et al [91] presented a new work on 2013 with numerical simulations of bipolar plates based on plant vein by means of biomimetic analogy theory. Results showed that performance was influenced by the number and location of the biomimetic flow channel branches, with impact on the outlet velocity. The higher the number of branches, the better was the performance in terms of water removal. The bifurcation principle was used to design the flow field structure by Chen et al [92] in 2013, demonstrating by numerical simulations that a branch flow field structure can substantially improve the flow-field distribution, current density and heat transfer with respect to the traditional structure.
The branching structures found in leafs and biological systems were used to investigate flow fields with a similar hierarchical structure by Guo et al [93] in 2014. A series of three designs inspired by the venation structure of a tree leaf were developed and defined by the Murray's law. The designs were compared by both numerical and experimental analyses, where results showed that the bio-inspired interdigitated flow field designs were presenting significantly better polarization curves than the non-interdigitated design, and among them, the design with varying channel width determined by Murray's law was presenting a 20-25% better performance.
In the work of Saripella et al [94] in 2015 a bio-inspired flow field based on a leaf pattern was experimentally and computationally evaluated. As a novel feature, the experiments were conducted using a transparent cell for direct visualization of liquid water within the channels.
The results showed an improved water management and performance characteristics of the bioinspired cell with respect to the conventional one. Murray´s law was also applied by Ruan et al [95] in 2016 for the design of a biomimetic flow field configuration, where CFD simulations were carried out in order to compare three different designs (parallel, serpentine and biomimetic channel). The results showed that the flow field designs with biomimetic flow channel performed better than the convectional designs under the same operating conditions. A highly detailed study was carried out by Damian-Ascencio et al [96] in 2017, where four different treelike configurations were considered in a CFD modelling work. It was identified that the number of bifurcations of the vein and their inclination can be considered as parameters. A study of the entropy generation due to mass flow in the new designs was also carried out from the CFD simulation results. They concluded that a better performance in terms of water removal, higher current density and lower entropy production was obtained by increasing the number of bifurcations.
Ozden et al [97] applied the Murray´s law to design two different bio-inspired, leaf-shaped flow fields in 2017. Seven different combinations of serpentine, lung, and the two leaf-shaped flow fields were used to assemble different anode-cathode configurations in a DMFC. Experimental work was also carried out. Results showed that the highest performances were achieved when the bio-inspired configurations were used on the cathode side of the cell, where the best configuration was serpentine for the anode and the second leaf design for the cathode. Additional experimental results on DMFC were also obtained by Ouellette et al [98] in 2017, analysing the impact of using bio-inspired interdigitated and non-interdigitated flow fields as anode or cathode plates, using a conventional serpentine flow field as a reference. A 3D numerical model was also developed within the work. The combination of serpentine (anode) and interdigitated (cathode) configuration presented the best performance, which was attributed to the enhanced under-rib convection of both of these flow fields. A sketch of the bioinspired interdigitated is depicted in Figure 6 . Non-interdigitated design provided the lowest pressure drop of the examined configurations, although the reactants were prone to travel directly from inlet to outlet causing this design to perform worst. Chen et al [99] presented an asymmetric bionic flow channel in 2017, and showed by numerical simulations that the asymmetrical bionic flow field plate was presenting a lower pressure loss than the conventional flow field. The improvement of the efficiency was attributed to the better and more uniform gas scattering into the different bifurcation channels, as well as to the improved water removal from each branch towards the outlet.
Lungs
As it was mentioned in the previous section devoted to leaf designs, Kloess et al [84] also analysed design based on lungs in their work in 2009 for 25 cm 2 cells (Figure 7) , both by numerical simulations and experimental testing. Lower pressure drop was found also for the lung design, as well as a better (more uniform) gas distribution when compared to conventional designs. Experimental tests revealed that either leaf or lung designs performed better than convectional flow channel design under the same operating conditions, with a peak power density increase of 30 %. The work of Ozden et al [97] , already mentioned in the previous section devoted to leaf designs, also present prototypes based on lungs for DMFCs. Interestingly, on all the tested configurations the lung-based flow field resulted in the lowest cell performance among the designs tested. Asadzade et al [100] investigated different types of common flow patterns in bipolar plates in 2017, in order to later derive a flow pattern inspired from the human lungs. CFD simulations were carried out modelling the lung-shaped bipolar plate. The simulation results showed that the lung-shaped flow pattern presented the best polarization curve and power density curve with respect to the flow patterns initially analysed.
In the most recent work found for lung-inspired flow fields, Trogadas et al [101] in 2018 applied the fractal geometry of the lung to overcome reactant homogeneity issues. Up to five branching generations were used in the study as depicted in Figure 8 , resulting in more uniform reactant distribution and minimum entropy production. A 3D printed 25 cm 2 prototype of a lung-inspired flow field with four generations showed a performance improvement with respect to a conventional serpentine flow field. However, pressure drop was diminished for a less number of branches generations. The lung-inspired, fractal flow-field design was later experimentally analysed by means of Neutron Radiography [102] , in order to assess the liquid water content and distributions for different relative humidity values. Although Neutron Radiography is a relatively well-established technique for water visualization in fuel cell research (see for example the work by Owejan [103] , Boillat [104] or Manke [105] or Iranzo [106] ) it is relevant to mention that this is the first work reporting neutron radiographs of fuel cells with biomimetic flow field designs for investigating water management. The results obtained showed that the interdigitated outlet channels of the fractal flow-field with N = 4 generations are more prone to present flooding, which was attributed to the slower gas velocity and small channel dimensions. This was considered as the main cause for performance decay at high relative humidity conditions.
Sponges
Although not strictly considered as a bio-inspired flow field design in any published work, metal foams have been studied as potential candidates for gas distributors in PEM Fuel Cells, presenting a good potential in terms of performance when compared against traditional designs. Metal foams however could be considered as well as resembling some biological structures such as marine sponges. This review is not intending to provide an exhaustive revision on metal foams or porous materials used in fuel cells, and thus the recent review by Cheong Tan et al [107] from 2018 and the review by Yuan et al. [108] are recommended. The application of metal foam in fuel cells is addressed, discussing the performance benefits. Metal foams, porous metal sinters, metal meshes and perforated metals are included in the review [108] .
Others
This section is covering design concepts that are not clearly belonging to the previous classification.
Chapman and Mellor from Morgan Group Technology Limited, UK, registered the trademark BioMimetic TM flow field, and presented the design in 2003 [109] . This could be considered as the very first work reported on biomimetic design of bipolar plates (Figure 9 ). The design was involving larger gross channels to focus the flow, and secondary and ternary tracks to further improve the distribution, together with the use of convoluted barriers and permeable regions. Several design variations were developed and experimentally tested. CFD modelling was also involved in the design process. It was reported that a 10-16% increase in the cell peak power could be achieve with respect to a conventional serpentine flow field. Although initially focused on hydrogen PEMFCs, it was stated [110] that the core design was adapted for use in DMFCs as well. Morgan also filed a US Patent (7,067,213, by Boff et al.) [111] involving flow field plate geometries with branching structures as shown in Figure 10 . Figure 10 . Flow field with branching structure, by Boff et al [111] .
Wang et al [112] [113] [114] presented several works involving a bionic flow field of a slab-type. In 2009 such design was first proposed by imitating gradual variations of blood vessels in compliance with bionics [112] . Four different design variations (namely bionic flow slab, net flow slab, parallel flow slab and serpentine flow slab) were investigated by flow visualization and simulation analysis. The results showed that the bionic flow slab presented a better performance regarding the flow distribution uniformity and lower pressure drop. Later works on 2010 [113, 114] further elaborated the biomimetic flow slab designs, enhancing oxygen transport and promoting liquid water removal.
In a thesis by Kei Fung in 2010 [115] , two design methodologies were used for the redesign of a PEM Fuel Cell, namely biomimetics and the Theory of Inventive Problem Solving (TRIZ).
Experimental prototypes were manufactured and tested for water management studies. A set of concepts based on biomimetics were tested, in particular a concept of creating a biomimetic flow field by corrugating the MEA, based on the concept of blood delivery to different locations in the body with soft vessels.
The work of Arvay et al [116] in 2015 presented various biologically inspired flow field designs, that were analysed by means of CFD simulations for Nafion-212 membrane. The CFD model was first validated against experimental results for a single serpentine flow field design. Murray´s law was applied for the branching design ( Figure 11 ). The biologically inspired interdigitated design with 9 inlet channels presented a lower pressure drop and enhanced current density distribution compared to all other designs evaluated. Figure 11 . Top: Murray-parallel, (a) Murray-interdigitated-1 (b) and Murray-interdigitated-2 (c). Bottom: pitchfork designs, Pitchfork-7b (d) and Pitchfork-9a (e). Inlet channels are shaded grey and outlet channels are black. By Arvay et al [116] .
A set of design principles for creating bio flow fields was developed in a thesis by Heck [117] in 2017. The relative effects of pressure and distribution characteristics of flow fields on fuel cell performance were considered first. Numerical CFD results showed that serpentine flow field performed 17% better than parallel, where 12% was due to mass transport effects and 5% was due to the increase of pressure loss. Bio-inspired designing was then developed for creating new fuel cell flow field concepts. The conclusion was that the greatest area of opportunity for bio designs is when having a minimal pressure loss across the flow field is the dominate design constraint. The CFD simulations of the designed bio flow field showed that the lower pressure losses allowed to produce 2-3 times better power output per pumping power input than the parallel design, while also maintaining better reactant distribution.
A combination of bionics, fractal theory, and Murray's law were employed by Dong-Hiu et al [118] in 2017 for the design of a novel flow field (depicted in Figure 12 ), based on CFD simulations to investigate the performance. Experimental results were also obtained for model validation. The results showed that the novel flow field presented advantages regarding the uniform distribution of reactants, with a higher power and current density. Figure 12 . Flow field structure, by Dong-Hiu et al [118] Other designs recently presented are based on honeycombs (Atyabi and Afshari [119] ), hybrid serpentine-interdigitated (Limjeerajarus and Santiprasertkul [120] ) or the designs resulting from applying a topology optimization algorithm (Behrou et al [121] ). It is interesting to note that although no assumption was made regarding the flow field layout in the work by Behrou et al [121] , so that the optimization algorithm freely evolved along the process, the resulting geometries were significantly resembling biological structures.
Discussion and current status
A more in-depth discussion of the biomimetic designs identified in the literature is presented in this section, covering a time evolution of the designs, a discussion on the real performance improvements obtained by each design, and a discussion regarding the difficulties in benchmarking the different designs. Manufacturing issues are also briefly discussed.
Time evolution of nature inspired design of bipolar plates flow fields
In order to analyse whether a clear trend in the design of biomimetic flow fields can be derived from the research works reviewed, a time evolution has been represented ( Figure 13 ). The time evolution starts with the early work by Chapman and Mellor [109] in 2003. Apart from the increasing trend in the number of publications along the time, it can be observed that no clear trend in the type of design can be derived from the time analysis. However, it is true that the last work involving fractal structures was published in 2014 by Chang et al [82] , and since then the following works have been more focused on leaves and lung-type designs (biologicallyinspired). Considering that fractal structures have not shown any significant performance increase with respect of other designs, the lack of perspectives could be the reason for the lack of recent works on fractal structures applied to bipolar plate designs. However, the extremely high number of potential fractal structures would be indicating that it is very likely that a new, not yet explored, fractal-type bipolar plate could eventually be achieving outstanding performance. In any case, it seems that current research is being more focused on leaf-type and lung-type designs. With the expected increasing amount of research in the next years, it will be possible to better analyse a clearer trend in the evolution of biomimetic designs. Figure 13 . Time evolution of biomimetic Bipolar Plate designs
Critical review on the performance of biologically inspired flow field designs
An effort has been carried out in order to critically analyse the performance improvements achieved by the different flow field designs. For this, a table with the main features and results of the research works reviewed has been generated and is presented in Table 4 .
The table contains the most relevant information for each design reported. The fuel cell type (hydrogen PEMFC or DMFC) and the Bipolar Plate design are first specified. Then it is indicated whether the study is using CFD techniques for the design and investigation and/or experimental prototypes. In case CFD simulations are reported, it is indicated whether the model was including liquid water transport and its effects, and whether there is a validation of the model. The table also includes the basic information about the cell components being used (membrane, GDL, and catalysts) if available in the original publication. The range of the operating conditions is also provided. Finally, in order to assess the benefits of the novel biomimetic designs, the gain in performance with respect to the conventional designs is indicated in the table. This information has been extracted from the polarization curves reported in the different works. The performance gain is indicated as the current density improvement for the biomimetic bipolar plate with respect to the conventional design, at 0.6 V (considered to be a nominal point) and at 0.4 V (more representative of operating conditions at high current densities where the influence of the Bipolar Plate design is much more pronounced). Thus, the value of performance in Table 4 is determined as the current density at the given voltage in the biomimetic design minus the current density at the given voltage in the conventional design, where both values are determined from the respective polarization curves.
The upper part of Table 4 contains the works presenting experimental prototypes of the biomimetic designs and thus real measurements of the polarization curves. The results reported can be therefore considered as tangible real data of the performance of the biomimetic designs. The experimental techniques being used are also reported in the table, where it can be observed that generally only IV curves are reported. Electrochemical Impedance Spectroscopy (EIS) was only used by Chang et al. [82] . Optical/direct visualization was used by Ozden et al [97] and Warren [90] , whereas advanced visualization techniques such as Neutron Radiography has been only used in the recent work by Cho et al. [102] . The second part of Table 4 contains the works that do not report experimental results but instead an investigation based on CFD modelling. The designs based on CFD models where liquid water was included in the modelling and also presenting a model validation are considered in the second section of the table. Additional works based on CFD simulations, however without liquid water modelling and/or experimental validation are included in the final part of Table 4 .
Analysing the information provided in the table, it can be observed that in general a relevant performance gain is achieved by the biomimetic designs with respect to the conventional designs, and therefore a significant potential for bio-inspired designs can be demonstrated. Fractal designs have been preferentially applied to DMFCs rather than to hydrogen PEMFCs. The size of the cells used are ranging from 5 cm 2 to 110 cm 2 (Tüber et al [76] ). Among the works with experimental data available for the biomimetic prototypes, the gain in performance is varying significantly, where the highest performance gains for hydrogen PEMFCs (in terms of current density improvement at 0.6 V and at 0.4 V) is showed by the leaf and lung designs by Kloess et al [84] , with about 0.4 A/cm 2 to 0.3 A/cm 2 gain at 0.6 V and 0.4 V respectively, and Guo et al [93] (leaf design) with 0.35 A/cm 2 gain at 0.4 V. Also Warren [90] reports an improvement of 0.3 A/cm 2 at 0.4 V for the leaf design. Regarding DMFCs, a significant improvement was reported in the work by Ozden et al [97] for the lung design, and Ouellete et al [98] for the leaf-based design.
Overall, it could be concluded that within the works reviewed, leaf and lung designs are presenting better potential than designs based on fractals, although the number of works available are not enough at all for ensuring that fractal designs should be discarded in future investigations.
However, when analysing the results in terms of performance, it also must be considered the other cell components used (also indicated in Table 4 ). As an example, the range of Pt loading in the catalysts reported is between 0.5 mg Pt /cm 2 (as an example in Kloess et al [84] ) up to 4 mg Pt /cm 2 (as in Guo et al [93] ) which obviously will make a significant difference in the final performances achieved. This is one of the main difficulties when benchmarking or comparing performance results obtained in the literature as it will be discussed in section 5.3.
Benchmarking of nature inspired designs: challenges and opportunities
When it comes to benchmarking the performance of bipolar plate designs the main difficulty is the lack of a standardization of the cell components. As the catalysts, GDLs, and also operating conditions are different among the works reported in the literature, it is challenging to identify the real or unique influence of the bipolar plate design on the final cell performance reported. This lack of standardization makes very difficult to take advantage of the state-of-the-art knowledge. It would be therefore of a great interest to have available a standard cell or a reference cell, with fully defined geometry and components, and even with a set of polarization curves for defined operating conditions. This would be ideal for a real 1 to 1 comparison of benchmarking, as any future research carried out could assess the performance of the novel design with respect to a well-defined and available reference cell. This would obviously not be limited to bipolar plate biomimetic design, but would be also valid for any kind of bipolar plate design, and any other cell component such as GDL, catalyst, etc. In this sense, it is worth to mention the harmonization initiatives by the European FCH JU (Fuel Cells and Hydrogen Joint Undertaking), where a reference cell is being used within the project ID-FAST [122] . The Joint Research Centre (European Commission) intends to publish not only the project results but also the cell detailed design so that it can be widely used as a reference cell for benchmarking and comparisons (to be published in FCH-JU and journal publication). Harmonised operating conditions for fuel cell testing comparison were also published [123] .
Regarding CFD modelling for bipolar plate design, it is required to include multi-phase flow models with an appropriate representation of liquid water transport and effects, and obviously to include appropriate experimental validation of the CFD model. This is particularly relevant when modelling the cell at high current densities where the effect of liquid water is significantly pronounced. Regarding validation, the most appropriate procedure is to carry out the validation against an experimental cell fully defined in terms of component properties and design, where again a reference cell would be very much necessary. In case there is no cell available for testing and thus experimental results from the literature are being used, publications fully reporting the cell components/properties and geometry must be used. As a best practice, common for every CFD model application, a mesh independence study is required.
Manufacturing issues and futuristic designs
As discussed above, there are multiple biomimetic flow field designs of the bipolar plates modelled and simulated for the PEMFC performance in the literature . For mass producing bipolar plates, manufacturers should consider a variety of technical and strategic material characteristics like corrosion, durability, freeze-start, heat rejection, power density, weight, cost, recyclability as well as supply chain. The selection of the materials as well as flow field designs are evaluated based on the performance as well as cost-effective manufacturing processes. Table 1 provides the performance, durability and cost targets of the bipolar plates specifically for automotive applications. The U.S. DRIVE Partnership comprising automobile industry, electric utility industry, fuels industry and the U.S. DOE, specifically the Fuel Cell Technical Team developed these targets for assisting the bipolar plate developers and manufacturers in evaluating them without testing full systems. As seen in Table 1 , the DOE 2020 cost target for bipolar plate is $3 per kW, which was ~ $ 7 per kW in 2015 [8] . If the target cost of $3 per kW is met, the FC system cost of DOE 2020 target of $38 per kW would be achieved in high volume manufacturing. Currently, the BPPs are responsible for ~ 60-85% of the PEMFC stack weight and 30-50 % of the price [124] . Hence, the cost, weight and volume of FC stacks need to be significantly reduced by an optimum flow field design, flow channel configuration and a scalable manufacturing. In particular, most of the graphite based bipolar plates are being manufactured by relatively slower CNC machining for stationary applications. Moreover, brittleness of graphite plates adds to its fabrication difficulty and hinders its applicability in automotive applications. The high cost also prevents the applicability of this method to highvolume production for automotive fuel cell systems. However, the CNC milling of the mold for high-volume production of metallic plates using methods like stamping would resolve the issues of continuous manufacturing.
Manufacturing metallic BPPs incorporating more complex flow fields enables the production of less expensive and lightweight PEMFC stacks much-improved resistivity to shock and vibration, lower cost and lower fluid cross over. Even though metallic BPPs could be recycled after their lifetime, they do suffer from lower thermal conductivity (16.3 W/m K) compared to graphite composite material (20-50 W/m K) [125] . The complexity of the flow field designs of BPPs hinders their manufacturing by the conventional techniques due to longer throughput times. Hence, it is very important to develop alternative manufacturing technique with a reasonable time and cost for meeting the DOE goals (see Table 1 ). Rapid-prototyping (RP) consisting of subtractive manufacturing (SM) and additive manufacturing (AM) or 3D printing can be used for fabricating 3D prototypes of BPPs. CNC machining, drilling, milling, grinding and laser-cutting are some typical SMs. AM is highly capable for manufacturing complex designs of biomimetic BBPs using metals and alloys for revolutionizing the FC industry compared to SM. However, it remains to be seen if the 3D printed BPP prototypes could be as good as the CNC milled graphite or stamped metallic BPPs in both performance and durability.
The advantage of metallic BBPs over graphitic bipolar plates is the availability and maturity of a large number of cost effective, manufacturing technologies like stamping, compression molding, and engraving. Table 6 below compares various methods currently being explored for manufacturing BPPs for reducing the cost and increasing productivity. Composite plates are cost effective with improved mechanical properties and manufacturability over graphite BBPs, but they suffer from lower electrical conductivity [126] . 
Future work and perspectives
As it was discussed in section 5.3, a major difficulty when benchmarking the performance of bipolar plate designs is the lack of standardization of the cell components and operating conditions. It is therefore highly complicated to take advantage of the state of the art knowledge included in publications, as each published research is generally using different cell components such as catalysts or GDLs and also different operating conditions. As a future work it would be therefore of a great interest to have a standard cell or a reference cell available with fully defined geometry and components. This would be ideal for a real 1 to 1 comparison of benchmarking, as any future research carried out could assess the performance of the novel design with respect to a well-defined and available reference cell.
Further work involving state-of-the-art CFD modelling considering liquid water formation and transport as well as a more intensive usage of experimental techniques such as Electrochemical Impedance Spectroscopy would be required to further exploit the potential of biomimetic designs. Future work on biomimetic bipolar plate design will continue to rely on CFD simulations but more accurate predictions of the liquid water transport and distributions within the cell will be necessary, as well as a more detailed model validation. Regarding experimental work, techniques such as Electrochemical Impedance Spectroscopy (EIS) have been applied very scarcely to biomimetic designs, where techniques such as Current Density Mapping (CDM) has never been applied to biomimetic designs. It is however clear that more in-depth insights and understandings will be achieved in future works when applying such techniques to biomimetic designs, and the knowledge derived from this will be of major importance for future developments. The same can be said for even more advanced techniques such as X-ray radiography or Neutron radiography, what is expected to provide a much deeper understanding of water management in biomimetic designs.
Regarding design trends and perspectives, it was shown that among both DMFCs and hydrogen PEMFCs, leaf and lung based designs are showing the most promising improvements in terms of performance with respect to conventional designs. Within the works reviewed, designs based on fractals are generally presenting lower performance gains. It must be remarked however that the number of works available are not enough at all for ensuring that fractal designs should be discarded in future investigations.
For the different biomimetic flow fields analysed or to be developed in future, further design variations could provide an even better performance and stability. As an example, channel blockages have been demonstrated to be beneficial in some BPP designs [137, 138] , but have been so far never applied to biomimetic concepts. A conceptually similar effect from the one obtained with Murray´s law for branching could be obtained with tapered channels. Such design variations have also demonstrated to result in higher cell performances as shown in previous works [139] [140] [141] [142] [143] , but have also never been applied so far to biomimetic designs.
An additional aspect that will need to be further exploited is the surface wettability of the bipolar plate materials used in the biomimetic designs (hydrophobic/hydrophilic materials/coatings). The nature of the channels surface is representing a relevant role in the cell water management and final performance. Owejan et al. [144] demonstrated that a hydrophobic coating on flow field channels were retaining a higher amount of liquid water. However, Al Shakhshir et al. [145] found out that despite the fact that both hydrophobic or hydrophilic treatment was reducing the overall pressure drop, the cell voltage with a parallel flow field and hydrophilic channels was more stable than that of the untreated channel, and that the hydrophobic treatment was decreasing the cell performance. The advantages of hydrophilic channels were shown by Lu et al. [146] , where it was found that more uniform water and gas flow distribution and a more desirable film flow regime was achieved by hydrophilically coated gas channels. It is also known that the use of a hydrophilic metal foam in the bipolar plates of the Toyota Mirai has contributed to the improvement in the stack power output [147] . For DMFCs, an ex-situ investigation on the effect of channels with different surface wettability was carried out by Schröder et al. [148] , where it was concluded that super-hydrophobic channels had positive effects on the two-phase flow and on performance. However, such studies have never been carried out for biomimetic designs, and therefore future works on biomimetic bipolar plates will need to consider how the surface wettability is influencing water distributions and cell performance in such kind of naturebased designs.
Conclusion
A review on biomimetic design of Bipolar Plates for Polymer Electrolyte Membrane Fuel Cells (PEMFCs) have been carried out. The review is covering bipolar plate designs based on nature or biological structures such as fractals, leaves, lungs and other structures nature-inspired. It is demonstrated that such biomimetic designs have been explored to date with success since the early introduction of such concept for bipolar plates in 2003, but it can be concluded that biomimetic designs have not yet achieved their full potential. Further work involving state-ofthe-art CFD modelling considering liquid water formation and transport as well as a more intensive usage of experimental techniques such as Electrochemical Impedance Spectroscopy would be required to further exploit the potential of biomimetic designs. A detailed analysis including performance benchmarking and its inherent difficulties due to the current lack of standardization are addressed. A critical review of the performance gain obtained with biomimetic designs reveals that in most cases the biomimetic designs present more efficient water management and higher cell voltages with respect to the conventional designs, and therefore a significant potential for bio-inspired designs can be demonstrated. It was observed that fractal designs have been preferentially applied to DMFCs rather than to hydrogen PEMFCs. Among both DMFCs and hydrogen PEMFCs, leaf and lung based designs are showing the most promising improvements in terms of performance measured are 0.6 V (representing nominal conditions) and 0.4 V (representing typical conditions of the mass transport region with higher liquid water content). Within the works reviewed, designs based on fractals are generally presenting lower performance gains, although the number of works available are not enough at all for ensuring that fractal designs should be discarded in future investigations.
